SEMINAL WORK FROM BENNETT ET AL. (13) described a unique protein isolated from brain extracts, calcium/calmodulin-dependent protein kinase II (CaMKII) (13) . The following years were marked by intensive research on this protein in neurons, driven by the high abundance and significant role of the kinase. Indeed, CaMKII is crucial for long-term memory processes through its capacity to integrate intracellular calcium (Ca 2ϩ ) oscillations (for review see refs. 91, 119, 180) . A tissuespecific distribution of the four mammalian CaMKII isoforms (␣, ␤, ␦, and ␥) was initially established, with CaMKII␣ and ␤ being restricted to brain while ␦ and ␥ are expressed in peripheral tissues (104, 168) . Additional work led to the identification of CaMKII as an important regulator of cardiac gene expression (168) and intracellular Ca 2ϩ dynamics (183) , further evidenced by its involvement in cardiac arrhythmia and hypertrophy (for review see refs. 110, 149, 162) . More recently, a growing body of evidence in the vascular smooth muscle cell (VSMC) literature suggests a crucial involvement of CaMKII in the regulation of vascular functions. Indeed, VSMC migration, proliferation, and hypertrophy (28, 41, 87, 89, 143) as well as VSMC-dependent regulation of vascular tone were shown to be controlled by CaMKII (76, 135) . CaMKII functions in endothelial cells (ECs) remained, however, largely unexplored despite significant potential involvement of the kinase. Recent work shows that CaMKII regulates crucial endothelial functions, including vascular permeability and nitric oxide (NO) production (18, 32, 68, 78, 117) . In light of the rapidly changing and sometimes divergent nature of the literature on vascular CaMKII, this review will highlight exciting findings and future perspectives for the multifunctional kinase in vascular smooth muscle and endothelial cells.
Glossary

AIP
Autocamtide-2-related inhibitory peptide AMPAR ␣-Amino-3-hydroxy- signals into specific outcomes involves a complex series of autoregulatory processes attributable to the serine/threonine kinase's particular structure. Of the four different isoforms of CaMKII characterized in mammals, CaMKII␣ and ␤ were first identified in brain and, until recently, were considered as brain specific while CaMKII␦ and ␥ were found in a broader range of tissues (168) . A common organization of functional domains (e.g., N-terminal catalytic domain, central regulatory domain, C-terminal association domain) is shared amongst the four isoforms (90, 168) . The association domain, which is unique to CaMKII within the CaM Kinase family, permits a multimeric conformation (or association) of 6 to 12 subunits and is the core of CaMKII's ability to decode different types of Ca 2ϩ oscillations ( Fig. 1A ; for review, see ref. 163 ). CaMKII oligomerization is not restricted to identical isoforms (74) . Heteromultimerization is actually a key feature of the enzyme, allowing a sophisticated detection of Ca 2ϩ signals and the associated response, seen as a capacity to finely tune Ca 2ϩ -based intracellular signaling. However, to date the only heteromultimeric complexes to be detected in vivo comprise CaMKII␣/␤: initially observed in neurons (22) , the presence of CaMKII␣/␤ complexes was recently demonstrated in native endothelium (169) . The inclusion of different isoforms and/or splice variants can convey unique properties to the CaMKII oligomer. For example, CaMKII␤ binds F-actin, an ability not shared by other CaMKII isoforms, which can be useful to other subunits through heteromultimerization (145) . Similarly, including splice variants can result in distinct subcellular distributions, as evidenced by the nuclear distribution of CaMKII␦ B compared with the sarcoplasmic reticulum restricted localization of CaMKII␦ C (109) . Therefore, CaMKII heteromultimerization expands the already broad range of interlinked signaling pathways into an amazing web of possibilities.
Initiation of CaMKII activation, common to all CaMKII isoforms, requires an increase in intracellular Ca 2ϩ levels. In resting conditions, the catalytic activity of the enzyme is inhibited by the binding of the autoinhibitory sequence of the regulatory domain to the catalytic domain. As the first step leading to CaMKII activation, in response to an increase in intracellular Ca 2ϩ , Ca 2ϩ /calmodulin (Ca 2ϩ /CaM) complexes form and bind to a subunit of CaMKII within the oligomeric complex ("Ca 2ϩ /CaM-dependent activation"). This disrupts the association between the regulatory autoinhibitory sequence and the catalytic domain, thus relieving inhibition and allowing phosphorylation of serine/threonine residues (reviewed in ref. 70) . Such activity, being Ca 2ϩ /CaM dependent, would closely parallel the subsequent decline in intracellular Ca 2ϩ concentration and the resulting dissociation of the Ca 2ϩ /CaM complex from the CaMKII subunit. The unique feature of CaMKII resides largely in the ability of activated subunits within the oligomer to undergo trans-autophosphorylation (138) . Activated CaMKII subunits can phosphorylate threonine 286 residue (Thr286 for CaMKII␣; Thr287 for ␤/␦/␥) of an adjacent and already activated subunit (bound to Ca 2ϩ /CaM) (20, 141) . The activation of phosphorylated CaMKII subunits will persist even upon Ca 2ϩ /CaM dissociation, a state called "Ca 2ϩ /CaM independent" or "autonomous" activation ( Fig. 1B) (94, 142) . Autophosphorylation at Thr286 also decreases (1,000-fold) the rate of Ca 2ϩ /CaM dissociation ("CaM-trapping") from CaMKII subunits, allowing the enzyme to remain active longer. In addition, a subsequent elevation in intracellular Ca 2ϩ level will increase both the extent and duration of activation of a partly active CaMKII multimer (i.e., more active subunits) (130) . This heteromultimeric structure combined with the ability of trans-autophosphorylation to augment and prolong activation allows CaMKII to integrate divers forms of Ca 2ϩ signaling (in frequency and amplitude) by converting a wide range of inputs into specific outcomes. The extent and duration of CaMKII activation is also influenced by the rate of dephosphorylation by protein serine/threonine phosphatases such as PP1 (17, 157) , PP2A (64, 157) , and PP2C (48) .
Although less studied, autophosphorylation at threonine 305/306 (Thr305/306) also impacts on CaMKII activity; however, Thr305/306 phosphorylation is preceded by Thr286 phosphorylation (56, 125) . In addition, autophosphorylation at Thr253 has been reported from in vivo studies (38) and is thought to be responsible for the targeting of CaMKII to neuronal postsynaptic densities (108) . Modulation of prolonged CaMKII activity is not limited to autophosphorylation processes, as the enzyme is also sensitive to cellular redox state (27, 43) , a potentially very important feature for an enzyme expressed in vascular cells and thus exposed to various degrees of oxidative stress. Anderson's group showed that increased levels of reactive oxygen species (ROS) is associated with the oxidation of methionine residues (Met281/282) of CaMKII␦, which may be functionally analogous to autophosphorylation at Thr286/287 (43) . Indeed, Met281/282 residues lie within the CaMKII regulatory domain and their oxidation prevents the regulatory domain from associating with the catalytic domain, thus maintaining CaMKII in an active conformation. This paired methionine motif is conserved in CaMKII␤, ␦, and ␥ isoforms, while the first methionine is replaced by a cysteine in CaMKII␣. As with methionine, cysteine residues are susceptible to oxidation. However, both ROS-and autophosphorylation-dependent mechanisms require binding of Ca 2ϩ /CaM to the regulatory domain for initial activation of a subunit (67, 122) .
The Origins
The literature contains many reviews discussing the expression, subcellular distribution mechanisms of activation, function, and regulation of neuronal and cardiac CaMKII (21, 42, 54, 56, 61, 65, 152, 153) . Accordingly, this section includes only a brief overview of CaMKII in these tissues as an introduction to its biological and cellular functions.
CaMKII was initially characterized in brain tissue as a Ca 2ϩ -dependent kinase controlling presynaptic neurotransmitter release, neuronal excitability, and postsynaptic regulation of learning and memory through long-term potentiation (LTP) (21, 57, 65, 70, 152 CaMKII regulation of LTP. CaMKII phosphorylation of the AMPAR GluR1 subunit increases single-channel conduction (10, 34, 100, 154, 165) , and is essential to LTP since transgenic mice lacking the corresponding phosphorylation site are characterized by a deficiency in LTP (10, 100, 195) . CaMKII also regulates the trafficking and assembly of proteins such as GluA2 subunits within AMPAR, thus modulating Ca 2ϩ permeation of the channels (97) . Furthermore, the importance of CaMKII in learning and memory has been confirmed by reports of altered associated cognitive functions in mice deficient in CaMKII␣ (147) or expressing CaMKII␣-Thr286Ala, which cannot undergo phosphorylation at position 286 (52 (148, 183) by CaMKII is associated with an increased SR Ca 2ϩ uptake (176, 190) . SR Ca 2ϩ regulation appears to be dependent on ␣KAP, a CaMKII anchoring protein, allowing targeting of the kinase to SR in skeletal myocytes (11) . CaMKII-␣KAP interaction enhances the capacity of CaMKII to phosphorylate SR proteins such as RyR (55, 177, 186) , SERCA (188, 189) , and phospholamban (148, 183) Excitable cells are essentially dependent on their membrane potential, and minor changes in their electrophysiological properties can result in significant outcomes. The first evidence that CaMKII may regulate cardiac membrane potential was the demonstration that CaMKII inhibitors autocamtide-2 and KN-63 prevent spontaneous depolarization in sinoatrial node cells (175) . CaMKII positively modulates sodium voltagegated channel (Na v 1.5), an essential component of cardiac EC coupling, resulting in an increased spontaneous activity (192) . Still controversial, the actual CaMKII phosphorylation site in Na v 1.5 requires further investigation (3, 71) . The functional expression of cardiac small conductance Ca 2ϩ -activated potassium channels (K Ca 2.x) is also increased by CaMKII, leading to arrhythmia in ventricular hypertrophy (111) . In addition to AMPAR and NMDAR channels, CaMKII also modulates other neuronal ion channels. The open probability of large conductance Ca 2ϩ activated potassium (K ϩ ) channels (BK ca ) is increased by CaMKII in neurons. Indeed, van Welie et al. (172) reported a 50% increase in BK ca channel open probability when activated CaMKII was included in the patch pipette. Phosphorylation by CaMKII shifted the voltage dependency of BK ca towards more negative membrane potentials, resulting in increased channel activity at resting membrane potentials, membrane hyperpolarization, and diminished neuronal excitability (172). Heterologous expression systems have also been used to study the effects of CaMKII activation on ion channels found in neurons and cardiomyocytes, such as the voltagegated potassium channel (K v The control of gene expression by CaMKII, another hallmark of the significant role CaMKII plays in regulating key cellular functions, occurs mostly via two main pathways. Through phosphorylation of histone deacetylase (HDAC) in cardiomyocytes and other cell types, CaMKII stimulates the export of HDAC from the nucleus, allowing gene expression (5) . This process is involved in CaMKII-induced cardiac hypertrophy (4, 95). Merlen et al. (107) recently showed that nuclear type B endothelin receptors activate CaMKII through IP 3 R-dependent Ca 2ϩ release in cardiomyocytes and might lead to HDAC phosphorylation. Additionally, the transcription factor "cAMP responsive element binding protein" (CREB) has been identified as a CaMKII target. However, regulation of CREB by CaMKII is complex and involves phosphorylation at two different sites having opposing effects. Although phosphorylation by CaMKII at Ser142 blocks CREB activation, phosphorylation at Ser133 by CaMKII or PKA activates CREB (161) . In addition, phosphorylation at Ser142 prevents phosphorylation at Ser133 from activating CREB. The negative effect of Ser142 phosphorylation appears to be dominant, as constitutively active CaMKII only activates CREB when Ser142 was replaced with alanine (161) .
Decades of research on CaMKII in cardiac and neuronal tissue have led to significant advancements in our understanding of Ca 2ϩ -dependent regulation of many cellular processes. More recently the vascular field has become interested in the role of CaMKII, as there exist vascular counterparts to several of the cellular functions controlled by neuronal/cardiac CaMKII that play critical roles in cardiovascular homeostasis.
The Cardiovascular Sequel: Vascular Smooth Muscle
The main physiological function of vascular smooth muscle cells is to develop force through contraction to maintain appropriate levels of vascular tone. Despite the major influence of vascular endothelial cells, vascular smooth muscle function is essentially dependent on intrinsic mechanisms. These mechanisms, such as those regulating myocyte contraction, are sophisticated. Moreover, processes guiding VSMC proliferation and migration are also critical as they have been associated with vascular pathologies such as atherosclerosis or hypertension (reviewed in refs. 26, 137) . Similar to neurons and cardiomyocytes, CaMKII appears to modulate several VSMC functions (Table 1) . VSMCs show a variety of intracellular Ca 2ϩ signals with distinct kinetics, frequencies, and subcellular origin (44, 121) , providing a wide range of potential sources for CaMKII activation with specific intracellular localization.
Migration and proliferation.
The relationship between CaMKII and VSMC proliferation and migration has been extensively studied and still garners significant interest. Indeed, vasculogenesis and pathological neointimal proliferation are physiologically relevant and enticed research in this field. Interestingly, the expression pattern of CaMKII is linked to myocyte phenotype. Indeed, primary/differentiated VSMCs express primarily CaMKII␥ whereas CaMKII␦ expression is higher in proliferative/cultured VSMCs (66). Platelet-derived growth factor (PDGF) triggers both a rapid activation of CaMKII and CaMKII-dependent rise in intracellular Ca 2ϩ in cultured proliferative VSMCs but not in quiescent myocytes (126 (89) . The involvement of CaMKII␦ in pathological vascular remodeling can also be extended further, as knockout mice are also protected against structural changes to the external elastic laminae (EEL) following carotid injury (143) .
Agonist-induced, CaMKII␦-dependent proliferation and migration of VSMCs is not limited to PGDF. Indeed, cultured VSMCs from CaMKII␦ Ϫ/Ϫ mice showed similarly reduced migration in the presence of other growth factors (e.g., FBS, TNF-␣) but also in the absence of stimulation (143) . Accordingly, overexpression of CaMKII␦ rescued VSMC migration (143) . Transgenic expression of an oxidant-resistant form of CaMKII (methionine-to-valine mutation) did not affect VSMC proliferation in the carotid ligation injury model, suggesting that ROS-dependent activation of CaMKII is required (199) . Despite conflicting reports obtained using cultured cells (66, 106, 127) , CaMKII␦ is still considered as a major regulator of VSMC proliferation and migration.
Cell cycle progression. The modulation of VSMC proliferation by CaMKII is a consequence of its role in cell cycle control. Indeed, CaMKII regulates the expression of cyclindependent kinase 2 (Cdk2) and cyclin E (89), critical cell cycle activators that promote the transition from G1 to S phase (146). Li et al. (89) showed that the increase in Cdk2 and cyclin E expression in a carotid ligation injury model was prevented by knocking out CaMKII␦. Moreover, Cdk2 and cyclin E activity is regulated by the cell cycle inhibitor p21, and p21 expression is higher in carotids from CaMKII␦ Ϫ/Ϫ mice that underwent carotid ligation injury than in ligated arteries from wild-type mice. Therefore, the expression pattern of cell cycle regulators appear to be influenced by CaMKII␦, as the absence of this kinase correlates with a decrease in VSMC proliferation and cell cycle arrest (89) . A detailed signaling pathway encompassing AKT/Mdm2/p53 was further elucidated by Li et al. (89) , and CaMKII was shown to stimulate AKT activation in VSMCs (85) . This leads to high levels of Mdm2 phosphorylation at the AKT-specific Ser166 site (198) and the ensuing p53 degradation in WT mice. The loss of p53 significantly decreases p21 expression. In CaMKII␦ Ϫ/Ϫ VSMCs, activation of the AKT/Mdm2/p53 pathway is attenuated, p21 expression increases, and proliferation is thus reduced (89) .
Crucial to cell cycle control through the sustained expression of proteins such as cyclin D1 (182, 185) , the ERK pathway is also targeted by CaMKII. CaMKII␦ is required for ERK activation, since its suppression is associated with lower ERK activation (106) . A direct interaction between ERK and CaMKII was demonstrated by coimmunoprecipitation assays that also showed that formation of an ERK-CaMKII complex was prevented by either U0216, which inhibits ERK activation, or KN-93 (28) . The binding of Raf1 with CaMKII precedes the formation of ERK-CaMKII complexes (28) . Indeed, the interaction of CaMKII/Raf1 with ERK allows ERK to phosphorylate CaMKII, leading to nuclear translocation of the macromolecular complex and alterations in transcription.
CREB activation is strongly associated with inhibition of VSMC proliferation. Expressing a constitutively active CREB in VSMCs eliminates FBS-induced myocyte proliferation and decreases the expression of growth factors and growth factor receptors such as the PDGF receptor (77) . The role of CaMKII in modulating the cell cycle in VSMCs via CREB was investigated by Singer's group (93) , following up on initial reports of CREB inhibition by CaMKII-mediated phosphorylation at Ser142 (161) . Thrombin-and ionomycin-induced increases in CREB phosphorylation at Ser142 were significantly lower in cells exposed to KN-93 or siRNA targeting CaM-KII (93) . In summary, CaMKII strongly stimulates VSMC proliferation through inhibition of CREB activity.
Interaction with the extracellular matrix. CaMKII modulation of VSMC migration includes degradation of the extracellular matrix or reduced cellular adhesion. Matrix metalloproteinases (MMPs) are a family of proteases involved in extracellular matrix breakdown or remodeling. Using rat cardiac fibroblasts, Zhang et al. (197) provided the first evidence that CaMKII regulates MMP expression in the cardiovascular system. A similar relationship exists in smooth muscle (143) . Upon stimulation with TNF-␣, MMP9 activity, immunoreactivity, and mRNA levels were markedly lower in serum collected from cultured CaMKII␦ Ϫ/Ϫ VSMCs relative to wildtype cells (143) . These results suggest that CaMKII regulates MMP9 activity at the level of its transcription or translation; however, the authors suggest that CaMKII regulates MMP9 posttranscriptionally by increasing the stability of its mRNA. This study established that CaMKII may significantly influence cell migration through extracellular matrix breakdown.
Cellular interactions with the extracellular matrix, including focal adhesions, are critical for cell migration. Activating integrin signaling triggers Ca 2ϩ transients in VSMCs (139) that are thought to activate Ca 2ϩ -dependent proteins involved in cell migration. Integrin-dependent CaMKII activation was first investigated with PDGF-induced migration of smooth muscle cells (14) . In vitro, inhibition of the vitronectin receptor, an integrin found in VSMCs, decreases PGDF-induced CaMKII activation twofold. This led to the suggestion that inhibition of vitronectin receptors suppresses IP 3 production and the corresponding changes in intracellular Ca 2ϩ (14) . However, Lu et al. (96) reported the activation of CaMKII by cellular adhesion through an integrin-independent mechanism. Although no evidence of a direct interaction was shown, subsequent phosphorylation of ERK can be blocked by KN-93 or shRNA targeting CaMKII␦. This study, along with work from Cipolletta et al. (28) , illustrates the convoluted pathways and reciprocal relationships involving CaMKII in the control of VSMC proliferation and migration.
Smooth muscle contractility. The primary role as a regulator of vascular tone is conferred to vascular smooth muscle cell by its contractile capacity and is of utmost physiological relevance. In contrast to studies of migration and proliferation, investigation of the involvement of CaMKII in modulation of vascular tone is mainly limited to native cells, since cultured cells are generally in a proliferative state. Despite a significant body of evidence establishing the regulation of cardiomyocyte contraction by CaMKII, its role in regulation of VSMC contraction and vascular tone is less well characterized.
Contraction (128) .
Regulation of VSMC membrane potential is an efficient approach to modulate VSMC contraction, owing to the strong voltage-dependency of Ca 2ϩ channel opening. The inward rectifier K ϩ channel (K ir ) is a strong modulator of VSMC membrane potential level. Activation by extracellular K ϩ leads to VSMC hyperpolarization and vasodilatation (40, 196) . Despite the absence of a reported relationship between CaMKII and K ir , a recent study in primarily cultured bovine pulmonary arterial endothelial cells (PAEC) shows that CaMKII is able to regulate I kr current (132) . One could then speculate that VSMC K ir is also modulated by CaMKII. In addition to potassium currents, the resting membrane potential of native smooth muscle cells is partly regulated by chloride currents and Ca 2ϩ -activated chloride channels (Cl Ca ) (for review see refs. 23, 80). Leblanc's group was the first to investigate the role of CaMKII in the modulation of Cl Ca channels in VSMCs (53, 82) . Inhibition of CaMKII with KN-93 or autocamtide-2-related inhibitory peptide (AIP) resulted in a larger Cl Ca current in VSMCs from rabbit pulmonary (53) and coronary arteries (82) . Moreover, the intracellular Ca 2ϩ rise evoked by ionomycin triggered translocation of CaMKII to the plasma membrane, showing that CaMKII can modulate ion channels upon activation (82) . Acting as a negative feedback mechanism following an increase in intracellular Ca 2ϩ , activated CaMKII reduces chloride currents and thereby contributes to membrane hyperpolarization and regulation of VSMC contractility, as shown in intestinal smooth muscle cell (58, 79) .
CaMKII activation alters myofibrillar function in VSMCs. Decreased CaMKII␥ expression or pharmacological inhibition of CaMKII activity diminishes contraction in endotheliumdenuded ferret aortae in response to high KCl (76) . Interestingly, the CaMKII isoform identified in this study, CaMKII␥, is different from the isoform generally considered (CaMKII␦). Although Kim et al. (76) did not demonstrate a direct association between CaMKII␥ and myofibrillar proteins, myosin light-chain kinase (MLCK) activity and subsequent myosin light-chain (LC20) phosphorylation were decreased following inhibition of CaMKII␥. Rokolya and Singer (135) observed similar effects of CaMKII inhibition on contractile force in porcine carotid arteries. Further investigation of the relationship between CaMKII and the contractile apparatus by Morgan's group led to the identification of CaMKII␥-G2, a novel CaMKII variant expressed in ferret aortic myocytes. This variant is characterized by the presence of two SH3 domains, important for cytoskeleton interactions, within its association domain. In accordance with their previous work, these authors showed that a knockdown of CaMKII␥-G2 results in a significant decrease in KCl-induced force development and LC20 phosphorylation (101) , indicating that CaMKII␥-G2 modulates myofibrillar activation in VSMCs. Moreover, the interaction of CaMKII with the cytoskeleton upon depolarization was also assessed. Under resting conditions, CaMKII␥-G2 colocalizes with vimentin and ␣-actinin, but not actin, in regions described as cytoplasmic dense bodies. However, smooth muscle depolarization triggers the translocation and recruitment of CaMKII␥-G2 to the cell periphery (cortical dense plaque) (101) . This translocation to the plasmalemmal membrane allows CaMKII␥-G2 to regulate Ca 2ϩ channels. Hence, localization or translocation of CaMKII plays an important role in the ability of these kinases to regulate a multitude of cellular processes.
Impaired vascular homeostasis due to dysfunctional or damaged endothelium can be partly compensated for by modification of the VSMC phenotype. For example, an inflammatory response can promote the expression of inducible nitric oxide synthase (iNOS; NOS2), which generates large amount of NO, a potent vasodilator, anti-inflammatory, and antioxidant agent (for review see refs. 59, 75). NOS2 regulation (expression, subcellular localization, or activity) is complex and still not fully understood. Recent studies implicate CaMKII as a posttranscriptional regulator via modulation of NOS2 trafficking. Increased NOS2 expression is observed following exposure to TNF-␣, IL-1␤ (73), or lipopolysaccharides (LPS) (35) . VSMCs exposed to cytokines showed significant colocalization and association of NOS2 and CaMKII␦ 2 . However, if ionomycin is applied to cytokine-stimulated myocytes NOS2-CaMKII␦ 2 complexes are not observed and the subcellular distribution of NOS2 is altered. Corroborative results are obtained if cytokine- (73) or LPS-exposed (35) VSMCs are preincubated with KN-93. Interestingly, these studies emphasize the role of CaMKII as a scaffolding protein, thereby modulating NOS2 activity. Although further investigation is required, inactivated CaMKII also appears to associate with NOS2 in an inhibitory complex with a specific subcellular localization.
CaMKII modulates other signaling pathways involved in vascular homeostasis. Ca 2ϩ influx in VSMCs evoked by AN-GII leads to phospholipase A2 (PLA 2 ) activation (47). Interestingly, PLA 2 modulates VSMC contractility through the release of arachidonic acid (AA), a precursor for prostacyclin synthesis. Similarly, norepinephrine (NE)-induced Ca 2ϩ influx leads to the CaMKII-dependent activation and translocation of PLA 2 to the nucleus in rabbit aortic VSMCs (114) . Indeed, CaMKII interacts with cytosolic PLA 2 in vitro and phosphorylates PLA 2 at Ser515 both in vitro and in intact VSMCs (115) . CaMKII activation precedes mitogen-activated protein kinase kinase (MEK) activation, which is involved in PLA 2 activation. CaMKII inhibition also abolishes the release of AA induced by NE, demonstrating the critical role of CaMKII (114) . Several AA metabolites, such as hydroxy-eicosatetraenoic acids (HETEs), are vasoactive and involved in a positive feedback loop on AA production. For example, CaMKII stimulates the production of HETEs, which activates ERK1/2, therein increasing PLA 2 activation and AA production (113) .
Pathological hypertrophy. Vascular disorders such as hypertension have been associated with VSMCs hypertrophy, particularly with the increased cell size (Ϸ35% greater) observed in spontaneous hypertensive rats in comparison to their normotensive counterparts (120) . ANGII is a well-described vasoactive endogenous agent with a strong hypertrophic influence (for review see ref. 136 ). Reports of CaMKII involvement in cardiac hypertrophy led Grumbach's group to investigate similar roles for vascular CaMKII in response to ANGII. They and others showed that the blood pressure rise induced by ANGII infusion was blunted by inhibition of CaMKII with KN-93 (87) . Furthermore, ANGII-induced VSMC hypertrophy was reduced by adenoviral transfection of CaMKIIN. A corresponding exacerbation of VSMC hypertrophy was found in myocytes overexpressing CaMKII (87, 116) . Although current literature is limited to ANGII-induced hypertrophy, CaMKII might also be involved in myocyte hypertrophy in response to other stimuli. Furthermore, the mechanisms involved remain unidentified and require further study.
The Last Frontier: Endothelial Cells
The endothelium is an active and essential component in cardiovascular hemostasis. Intracellular Ca 2ϩ , the crux of endothelial signaling and functions, is tightly regulated but the role of CaMKII as an effector or regulator has only recently gathered attention. As in VSMCs, distinct patterns of Ca 2ϩ oscillation have been identified in endothelial cells that differ in their dynamic characteristics as well as source of Ca 2ϩ , illustrating the potential for CaMKII in modulating endothelial functions (83, 156, 160) . However, conflicting data have been reported, presumably because of differences in the type of endothelial cells used. Indeed, early studies in ECs were largely performed in cultured ECs, notorious for their altered phenotype. Modifications in the protein expression pattern by the culture process and passage number can thus result in signaling pathway adaptation. However, when taken together, findings from various cell lines strengthen the conclusions from cultured ECs studies. Similarly, results obtained using freshly harvested tissue or cells are limited to the respective species unless confirmed in human or across other species. Nonetheless, growing interest in the function of endothelial CaMKII can be noted and is summarized in the following sections as well as in Table 2 .
Endothelial CaMKII expression pattern. Most studies looking at CaMKII expression in ECs were focusing on the ␦ and ␥ isoforms, based on early work suggesting that expression of CaMKII␣ and ␤ is restricted to neuronal tissue. Indeed, Wang et al. (179) probed for CaMKII isoforms in different cultured ECs lines, including human umbilical vascular EC (HUVEC), bovine arterial EC (BAEC), and human dermal microvascular EC (HDMEC). Using a pan-CaMKII antibody, a single band obtained on Western blots (50-kDa) led them to conclude that CaMKII␦ is the endothelial isoform. However, a similar single Ϸ50-kDa band detected in PAEC was attributed to CaMKII␣ (140) . Since the predicted molecular weights for CaMKII␣ and CaMKII␦ are similar, the use of pan-CaMKII antibodies in immunoblots does not provide sufficient information to discriminate between CaMKII␣ and ␦. Furthermore, transcripts for CaMKII␥ b , ␥ c, and ␦ 2 variants have been detected in BCEC4 cells (7) . In contrast, only CaMKII␣ was detected by in situ hybridization and Western blot in primary cultured rat brain EC, although CaMKII␦ and ␥ isoforms were not sought (33) . More recently, CaMKII␣, ␤ and ␦, but not CaMKII␥, were found in native endothelial cells from mouse mesenteric arteries (27) . Although CaMKII␦ and ␥ appear to be expressed in smooth muscle cells from the same arteries, CaMKII␣ and ␤ were not detected in myocytes. Confocal imaging showed that CaMKII␣ and ␤ shared similar intracellular distribution in situ, with clusters found within endothelial-smooth muscle communication structures called myoendothelial projections (MEPs). Both isoforms were also found to be in close proximity and might form heteromultimers (169) . The subcellular localization of endothelial CaMKII␦ was distinct, with the enzyme being mainly found at the plasma membrane and in the Golgi (27) . Such specific spatial distribution suggests that endothelial CaMKII isoforms might play different roles, being activated by different stimuli and/or having distinct targets and functions. Indeed, CaMKII␣ and ␤ were reported to translocate to MEPs upon activation of endothelial Ca 2ϩ signaling (27) while CaMKII␦ did not.
Cell permeability. Endothelial permeability is tightly regulated: a leaky endothelial barrier can have deleterious outcomes, but may be required for appropriate physiological functions such as inflammatory processes (for review see ref . 193) . The endothelial barrier is passive and relies on tightness of cell-to-cell junctions, which are modulated in inflammation to allow access of immune cells to the tissue. Incubation of bovine pulmonary arterial EC (BPAEC) with a CaMKII inhibitory peptide decreased bradykinin-induced cytoskeletal rearrangement (translocation of cytosolic filamin to cell membrane and modification of F-actin). These mechanisms are thought to increase vascular permeability and appear to be modulated by CaMKII (178) . Moreover, intercellular communications through gap junctions are dependent on the identity of the connexin subunits forming the hemichannels. Recent in vitro work showed that CaMKII could directly modulate connexin 43, one of the three endothelial connexins (connexin 37, 40 and 43; for review see ref. 32, 69) . Bradykinin-induced gap junction association also occurs through a CaMKII-dependent pathway (178) . However, additional in vivo investigations are required to better understand role of CaMKII in modulating cell-to-cell communication.
The intracellular signaling regulating transendothelial permeability also appears to involve CaMKII. Previously shown to activate CaMKII (33), thrombin, a major modulator of vascular permeability, was used to elucidate the relationship between CaMKII and EC permeability (19) . CaMKII activity in BAECs is increased in the presence of thrombin and endothelial permeability (monitored by albumin clearance and transendothelial electrical resistance measurement) is significantly impaired in the presence of KN-93 (19) . Accordingly, CaMKII autophosphorylation at Thr287, used as an index of CaMKII activation, is increased in HUVEC cells exposed to thrombin (179) . Therefore, thrombin activation of CaMKII correlates with increased endothelial permeability. From a mechanistic perspective, CaMKII modulation of vascular permeability appears to be linked to the ERK1/2 pathway. As reported in VSMCs, KN-93 significantly impairs ERK activa-tion in ECs with a concomitant loss of actin stress fibers (18) . The CaMKII isoform involved might, however, be different from VSMCs since transfection of HUVEC cells with CaMKII␦-targeted siRNA did not prevent ERK activation. Interestingly, a critical determinant in thrombin-induced hyperpermeability, the RhoA pathway, is significantly inhibited by CaMKII␦ silencing (179) . Since RhoA is an important player for regulation of VSMC contractility (for review see refs. 129, 155, 187) , one can speculate that CaMKII may be analogously involved in the control of endothelial permeability through RhoA. The elucidation of the roles other CaMKII isoforms play in the control of endothelial permeability is an interesting avenue and could lead to identification of pharmacological targets for specific signaling pathways.
Migration and proliferation. Both physiological and pathological angiogenesis begins with EC migration and proliferation (124, 144) . Plexiform lesions found in patients with pulmonary arterial hypertension (PAH) result from pathological and disorganized cellular proliferation and migration within the arterial lumen (171) . Plexiform lesions appear to be enriched in fibronectin, an extracellular matrix component that can act as chemoattractant (105), and thus promote ECs migration. Moreover, thrombin-stimulated migration of pulmonary microvascular ECs (PMVECs) grown on fibronectin can be abolished by inhibition of protease-activated receptor 1 (PAR1). As KN-93 prevents the thrombin/fibronectin-induced EC migration, one or more subtypes of CaMKII are involved (105) . These studies suggest that endothelial CaMKII might be an interesting target to limit the formation of plexiform lesions in PAH.
The retina is an established model for the study of angiogenesis, and the role of CaMKII regulating EC migration has been studied in the retinal vasculature. Vascular endothelial growth factor (VEGF) was shown to raise intracellular Ca 2ϩ levels in bovine retinal ECs (BRECs) (8) . A twofold increase in AKT activity was also reported in response to VEGF. Although the link between AKT activation and intracellular Ca 2ϩ has not been established in the context of the retinal endothelium, CaMKII is an interesting prospect. Indeed, AKT phosphorylation was significantly diminished by KN-93 in VEGF-treated BRECs (8), similarly to VSMCs. Further evidence of a role of CaMKII in EC migration was provided when KN-62 was shown to reduce BPAEC migration in a woundhealing assay by 30 -40% (178). (134) . In summary, the reciprocal relationship between CaMKII activation and intracellular Ca 2ϩ dynamics is definitely convoluted: the high level of sophistication in CaMKII signaling that is becoming apparent allows for the fine-tuning of critical cellular pathways and functions.
Pathological levels of cytoplasmic Ca 2ϩ , as provoked by hyperglycemia, are deleterious to endothelial cells and can trigger apoptosis. Exposure to high glucose levels has been used to explore the involvement of CaMKII in EC apoptosis (15, 170) . Incubation of RF/6A cells (a cell line derived from macaque choroid-retinal ECs) in hyperglycemic milieu for 96 hours significantly increased apoptosis. Moreover, intracellular Ca 2ϩ release and CaMKII activation were stimulated by increasing glucose levels from 5.5 mM (normal glucose) to 30 mM. Interestingly, increased CaMKII activity did not coincide with changes in enzyme expression. The impact of CaMKII activity on EC apoptosis was demonstrated as a significant reduction of hyperglycemia-induced apoptosis when cells were treated with . The mechanism involves the modulation of mitochondrial membrane potential and cytochrome c release by CaMKII and, possibly, the fas/JNK cascade (88) similar to macrophages (167) .
Nitric oxide regulation. Nitric oxide, the most potent endogenous endothelium-derived vasodilator, is produced primarily by endothelial nitric oxide synthase (eNOS: NOS3) in ECs. Ca 2ϩ ions, in complex with CaM, are essential cofactors for NOS3 activation. Therefore, CaMKII through regulation of endothelial intracellular Ca 2ϩ signaling could indirectly modulate NOS3 activity and NO production. In addition to activation by Ca 2ϩ , posttranslational processes including phosphorylation have been shown to elevate NOS3 activity (for review see refs. 39, 131) . Indeed, acute application of the Ca 2ϩ ionophore A23187 triggered NO production and release in PAECs in a CaMKII-dependent fashion (140) .
CaMKII can modulate the activity of proteins such as NOS3 by various means, including transcription. In HUVECs, the histamine-dependent increase in NOS3 mRNA levels was sensitive to CaMKII inhibition but independent of PKC, JAK2, MAPK, and PI3K, suggesting that the CaMKII stimulates NOS3 expression (86) . Exogenous application of hydrogen peroxide (H 2 O 2 ) to BAECs increased CaMKII activation (24) . NOS3 mRNA levels were also higher in cells exposed to H 2 O 2 , an effect that was attenuated (ϷϪ77%) by CaMKII inhibition. Although the precise mechanism involved in the regulation of NOS3 expression has yet to be determined, a CaMKII-dependent increase in the half-life of NOS3 mRNA has been excluded (24) . In contrast to the normal dynamic nature of the endothelium's physiological environment in vivo, conditions in culture are relatively stagnant, without flow and shear stress. Indeed, blood flow continuously exerts a non-stationary force on vascular walls. The impact of oscillatory shear stress on the NOS3-CaMKII interaction was therefore investigated. As expected, a CaMKII-dependent increase in NOS3 expression and NO production was observed in cells exposed to oscillatory shear stress (25) .
Phosphorylation of NOS3 is also a common regulatory process not restricted to CaMKII as consensus sites for other kinases (AKT, AMPK, and PKA) have been reported. Phosphorylation of NOS3 at Ser1177 significantly increases NOS3 activity as does substituting Ser1177 with a "phosphomimetic" acidic amino acid (36) . Seminal work on CaMKII-dependent phosphorylation of the NOS family was performed on NOS1 (nNOS) in brain tissue (117) . Later, NOS3 phosphorylation by CaMKII was demonstrated in HUVECs (46) and rat aortic endothelial cells (78) . NOS3 phosphorylation is also strongly altered by CaMKII inhibition in BAECs (123) . Endothelial MEPs appear to be enriched in NOS3 (159) , whereas CaMKII was shown to translocate upon activation of local Ca 2ϩ signaling (27) . Phosphorylated NOS3 (Ser1177) immunoreactivity within MEPs was also decreased upon inhibition of CaMKII (27) . Furthermore, Ca 2ϩ pulsar-dependent NO production, monitored using the fluorescent NO-sensitive dye DAF-FM, was reduced by CaMKII inhibition, suggesting that CaMKII activation serves to amplify Ca 2ϩ -dependent NO production (27) . Akt is also able to phosphorylate NOS3 at Ser1177 (49); hence, as CaMKII can also modulate Akt activation, the effect of CaMKII on NOS3 activity may be either direct or mediated via a CaMKII-AKT-NOS3 pathway.
The subcellular localization of NOS3 may also be regulated by CaMKII. Indeed, while membrane-bound NOS3 is inactive, CaMKII activation results in translocation of NOS3 to the cytoplasm (178) . The direct interaction of CaMKII with NOS3 may be responsible for this translocation. In support of this, immunoprecipitation assays show increased association of CaMKII with NOS3 in HUVECs stimulated with bradykinin (46) . Hence, CaMKII may function as both regulator and targeting subunit for NOS3.
Vascular CaMKII: Now and Then
As detailed in this review, CaMKII is involved in a wide range of vascular functions ( Fig. 2 ; nonexhaustive representation of the relationships presented in this review), which might explain the growing interest in this enzyme. In light of the complexity arising from oligomerization and the large number of distinct CaMKII variants, additional roles for CaMKII, possibly of interest in vascular cells, likely remain to be identified. As mentioned above, evidence suggests that CaMKII can modulate proteins independently of its kinase activity, serving as an anchoring, targeting, or structural partner. Research into these aspects of CaMKII signaling and their ability to modulate vascular function will expand our understanding of the physiological roles of the CaMKII family.
Among the various functions controlled by CaMKII, Ca 2ϩ homeostasis is intriguing as it allows the enzyme to regulate its own activation. However, the dogma by which CaMKII is activated by global rise in intracellular Ca 2ϩ might shift according to the recent developments in local Ca 2ϩ signaling, especially in endothelial cells. Indeed, as a consequence of its oligomeric structure, CaMKII has the unique property of being modulated by Ca 2ϩ signal amplitude and frequency. Therefore, slight modification in intracellular Ca 2ϩ dynamics might have a profound effect on CaMKII-dependent events. It seems then reasonable to speculate that Ca 2ϩ microdomains might experience distinct patterns of CaMKII activation and, as a consequence, highly localized changes in CaMKII-dependent functions.
The role of CaMKII has largely been studied using pharmacological inhibitors such as KN-93 or KN-62. However, although KN-93 is a relatively specific inhibitor for CaMKII, it has been shown to alter VSMC Ca v 1.2 channel activity. This important Ca 2ϩ channel may directly influence CaMKII activation as well as CaMKII-independent pathways (50). Moreover, has been shown to inhibit K v channels (81, 133) and, more recently, I Kr current (60) . Some in vitro studies have also employed molecular tools, including siRNA or AIP expression, in addition to pharmacological inhibitors. Unfortunately, use of these tools cannot seamlessly be extended to in vivo investigations and their use is often restricted to cell cultures. Alternatively, knockout and transgenic animals could be developed. For example, CaMKII␦ knockout mice are commercially available. A transgenic mouse expressing a CaMKII peptide inhibitor specifically in VSMCs has also been used, as reported in this review. However, there are currently no mouse models (knockout or transgenic) available where endothelial CaMKII isoforms (systemic or endothelial specific) are targeted. Regulation of CaMKII activity is generally expected to involve phosphorylation and/or oxidation as discussed previously although a vascular counterpart to cardiac oxidizedCaMKII remains to be established. Subcellular targeting and translocation are also relevant properties. The anchoring of CaMKII to different cell membranes has been suggested to be important in the formation of signalosomes that include CaMKII and a Ca 2ϩ source or CaMKII target protein. Emerging evidence on Ca 2ϩ microdomains could then be of interest, as targeting specific CaMKII complexes to Ca 2ϩ microdomains would allow for spatial and temporal localization of CaMKII activation and hence CaMKII-mediated cellular functions. Indeed, endothelial K Ca 2.x and K Ca 3.1 channels have a distinct intracellular distribution and might be differentially regulated by heterogeneously distributed CaMKII. Studies in skeletal muscle (11, 12) or cardiomyocytes (150, 151) suggest that membrane targeting requires ␣KAP, a unique CaMKII subunit featuring transmembrane and CaMKII association domains, but lacking a catalytic domain (12) . Thus, heteromultimerization of CaMKII isoforms with this subunit may result in targeting of CaMKII complexes to a specific subcellular region such as the SR (11, 150) , nucleus (118) or plasma membrane. However, the possible expression and potential role for an analogous vascular membrane-anchoring CaMKII subunit remains to be determined.
Most of the investigations discussed in this review have been performed in cultured ECs and VSMCs and have significantly improved our understanding of the roles of CaMKII in the cardiovascular system. In situ investigations are still required to confirm the findings from cultured cells as discrepancies may occur, as evidenced by distinct differences in the pattern of CaMKII isoform expression in native versus culture ECs. Moreover, it is now clear that CaMKII, and, possibly, isoform-specific targeting, represents an interesting therapeutic avenue for treatment of vascular disease such as hypertension. 
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